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Limited rehabilitation strategies are available for movement restoration when paresis is
too severe following stroke. Previous research has shown that high-intensity resistance
training of one muscle group enhances strength of the homologous, contralateral muscle
group in neurologically intact adults. How this “cross education” phenomenon might be
exploited to moderate severe weakness in an upper extremity muscle group after stroke
is not well understood. The primary aim of this study was to examine adaptations in
force-generating capacity of severely paretic wrist extensors resulting from high intensity,
dynamic contractions of the non-paretic wrist extensors. A secondary, exploratory aim
was to probe neural adaptations in a subset of participants from each sample using a
single-pulse, transcranial magnetic stimulation (TMS) protocol. Separate samples of neurologically intact controls (n = 7) and individuals ≥4 months post stroke (n = 6) underwent
16 sessions of training. Following training, one-repetition maximum of the untrained wrist
extensors in the control group and active range of motion of the untrained, paretic wrist
extensors in the stroke group were significantly increased. No changes in corticospinal
excitability, intracortical inhibition, or interhemispheric inhibition were observed in control
participants. Both stroke participants who underwent TMS testing, however, exhibited
increased voluntary muscle activation following the intervention. In addition, motor-evoked
potentials that were unobtainable prior to the intervention were readily elicited afterwards in
a stroke participant. Results of this study demonstrate that high-intensity resistance training
of a non-paretic upper extremity muscle group can enhance voluntary muscle activation
and force-generating capacity of a severely paretic muscle group after stroke. There is
also preliminary evidence that corticospinal adaptations may accompany these gains.
Keywords: rehabilitation, stroke, cross education, resistance training, upper extremity, electrophysiology

Introduction
Fatiguing muscle contractions reduce neural output from corticomotor regions (1–3). This
compromises the ability to drive spinal motor neurons to threshold and activate skeletal muscle.
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Materials and Methods

Repeated bouts of high-intensity resistance training evoke lasting
adaptations that function to maintain muscle activation and force
output (4). These adaptations are not exclusive to the musculature
targeted by training. In fact, unilateral resistance training at sufficiently high-intensity enhances force-generating capacity of the
homologous, untrained musculature, a phenomenon known as
the cross education effect (5–10).
The potential clinical application of the cross education
effect in conditions characterized by unilateral motor deficits
is gaining traction in biomedical science (11–13). Hemiparesis
following stroke, for example, occurs in 80% of survivors (14,
15), making stroke a leading cause of disability in the western
world (16, 17). To date, one study has examined the cross
education phenomenon in persons with stroke (11). This study
demonstrated that 6 weeks of training that involved intense
isometric contractions of the non-paretic ankle dorsiflexors
increased torque production and muscle activation of the
paretic dorsiflexors. Thus, high intensity, unilateral resistance
training may be an alternative for individuals who do not
qualify for empirically supported motor retraining strategies
[e.g., constraint-induced movement therapy (18), task-specific
training (19), etc.] because the paretic musculature is initially
too weak to train. Indeed, effective treatment alternatives are
needed for individuals who cannot participate in retraining
programs that leverage the nervous system’s adaptive capacity
to reorganize following neurological damage (20).
Insufficient corticomotor output onto spinal motor neurons
is a fundamental mechanism of paresis (21), which parallels the
abovementioned effects of fatiguing muscle contractions in the
neurologically intact motor system. A widely accepted theory
of post-stroke behavioral dysfunction involves an imbalance
in excitability between the primary motor cortex (M1) of the
lesioned and non-lesioned cerebral hemispheres (22). Stated
another way, excitability of the non-lesioned M1 increases,
exerting an excessively inhibitory influence over the already
less excitable lesioned M1 (23). Recent work has explored the
neural adaptations mediating the cross education effect in
healthy adults (24–27). One of the hypothesized adaptations
that correlate with strength gains in the untrained muscle is a
reduction in interhemispheric inhibition from the trained onto
the untrained M1 (28). Thus, neural adaptations brought about
by high-intensity, unilateral resistance training appear to be the
inverse of the neurological dysfunction following stroke, inviting
the possibility that it may be a viable intervention strategy in
individuals with severe paresis.
If unilateral resistance training of the non-paretic musculature can restore sufficient movement production in the paretic
musculature, then severely affected individuals could go on to
participate in evidence-based therapies. The current study was
an exploratory investigation of the cross education effect in
stroke survivors with severe upper extremity paresis. A sample
of neurologically intact adults of similar age underwent the
same intervention to verify that the protocol elicited the effect
in absence of stroke. It was hypothesized that both samples would
exhibit the cross education effect.
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Participants

Stroke participants were recruited from the Brain Recovery Core
registry at Washington University School of Medicine. Online
advertisements were posted to recruit potential control participants.
Inclusion criteria for stroke participants were (1) clinical diagnosis
of ischemic or hemorrhagic stroke as determined by a stroke
neurologist; (2) ≥3 months post stroke; and (3) Medical Research
Council Scale for Strength score of 0 (i.e., no movement) to 2 (i.e.,
movement with influence of gravity removed) in the paretic wrist
extensors. Exclusion criteria for both control and stroke participants were (1) neurological conditions (other conditions for stroke
participants); (2) presence of musculoskeletal conditions affecting
the bones and/or soft tissues of the upper extremity; (3) history
of resistance training involving the wrist extensors; (4) presence
of aphasia; and (5) contraindications to transcranial magnetic
stimulation (TMS) including history of seizure, prescribed medications that increase the risk of seizure, and/or presence of metal
implants. All participants provided informed consent according to
procedures established and approved by the Washington University
Institutional Review Board and were compensated for their time.

Experimental Design

The current study was a prospective cohort, repeated-measures
design, requiring a total of 8 weeks for each participant to complete.
Baseline testing (pre-intervention1) took place immediately after
the experimenter obtained informed consent and administered
the Edinburgh Handedness Inventory (29). After a 4-week waiting
period, participants returned to the laboratory for a second session
of pre-intervention testing (pre-intervention2) (11, 30). Over the next
4 weeks, participants engaged in 16 sessions of progressive, unilateral
resistance training (4 sessions/week × 4 weeks). Post-intervention
testing took place within 1 week of the final training session. Previous
studies investigating the cross education effect and associated neural
adaptations have typically included a separate control group that does
not undergo training (24–27). Participants in this current study served
as their own controls from pre-intervention1 to pre-intervention2
testing to account for natural recovery and performance variability
that may occur following stroke (31). The duration of the waiting
period was set to match that of the training protocol to ensure that
any natural recovery was from a period of equal duration.

Strength Training Protocol

The dynamic contraction strength of the wrist extensor musculature was trained. There is evidence to suggest that training
musculature of the dominant limb results in the greatest strength
transfer (32), but stroke is not exclusive to a particular cerebral
hemisphere. Approximately half of control participants, therefore, trained wrist extensors of the non-dominant limb. The
non-paretic wrist extensors of stroke participants were trained.
The wrist musculature was targeted because extending the wrist
against gravity is functionally relevant in many goal-directed
movements and is an important inclusion criterion for some
motor retraining therapies following stroke (33).
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A single-column pulley with stackable 0.5 kg barbells was
used for training (Figure 1). Participants were seated in a chair
with the shoulder abducted to ~45°. The forearm was pronated
and strapped to a cushioned arm tray mounted to a table that
was 23 cm away and 69 cm above the base of a pulley affixed to
the resistance, which created a 72° angle from the pulley to the
handle the participant grasped to perform wrist extensions. This
orientation ensured that the resistance was applied throughout the
entire range of motion. The resistance ascended the column during
the concentric phase and descended during the eccentric phase.
Once the experimenter brought the handle to the participant’s
hand and verified that the wrist was fully flexed, the resistance
was released and the participant initiated movement. Participants
were verbally cued to perform the concentric and eccentric phases
of the contraction at 3 and 4 s, respectively, as this timing has
been reported to facilitate the greatest transfer of strength (5, 34).
The forearm was held down to prevent the involvement/transfer
of momentum from more proximal musculature. Prior to each
training session, participants were guided through a warm-up
(24, 26, 28). The warm-up consisted of 2 sets of continuous wrist
oscillations for 30 s, 2, 10-s isometric contractions of the wrist
extensors, and 2 cued sets of 6 repetitions on the trained movement
at ~50% of one-repetition maximum (1-RM). 1-RM was evaluated
during strength testing (see below) and is the maximum resistance
the wrist extensors can contract against to produce an adequate
range of motion for a repetition to be considered complete.
The initial volume (i.e., repetitions/set) and intensity (i.e.,
resistance) of training were selected based on a previous study
that elicited the cross education effect and corticospinal adaptations projecting to an axial muscle of the upper extremity
(25). Specifically, participants completed six sets with a goal of
achieving six to eight repetitions during each set. Resistance was
initially set at 80% of the participants’ 1-RM, as training intensity must be sufficiently high to elicit the effect (10, 35). Some
participants in both groups could not achieve a minimum of
six repetitions per set at this intensity during the initial training
sessions. Resistance was, therefore, slightly reduced to ensure an
adequate stimulus for maximizing strength gains. To minimize
mirror movement, control participants were reminded to relax
the untrained wrist and instructed to position the hand between
the chair and thigh. Stroke participants attempted to do the
same but were largely unable because mirror movements are
exacerbated by hemiparetic stroke (36–38). Between each set,
90-s rest intervals were provided. Training was progressed (39)
over the 16 sessions by increasing resistance in the subsequent
session if 8 repetitions were achieved on 4 of the 6 sets (25).
Thus, training load varied across participants and was contingent upon the ability to progress over the course of training.
Training load was calculated by multiplying the total number of
repetitions performed in each session by the respective percent
of 1-RM training intensity, then summing the resulting value
across all 16 sessions.
FIGURE 1 | Orientation of the hand relative to the forearm in the (top)
starting position prior to each contraction and (bottom) position
required for a repetition during training and 1-RM testing to be
considered complete (i.e., dorsum of the hand extending above the
plane parallel to the forearm).

Strength Testing

In compliance with specificity principles of exercise testing and
prescription, force-generating capacity of the trained, non-paretic
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wrist extensors was measured with the same single-column pulley used for training (40). The previously described warm-up
protocol took place immediately before testing. Prior to 1-RM
testing, the experimenter ensured that the participant’s feet were
firmly positioned on the floor, the trunk was erect and positioned
against the chair back, the handle was evenly and firmly grasped
by the hand, and the participant indicated (s)he was prepared.
The wrist was lowered into full flexion before the resistance was
released and the participant was cued to begin the contraction.
An attempt was considered as valid and complete if the dorsum
of the hand extended above the plane parallel to the forearm (bottom image in Figure 1). In some cases, attempts that were near
a resistance corresponding to a true 1-RM were on the border of
this threshold, requiring another attempt to verify whether it was
valid. Prior to each attempt, participants were reminded to contract
with maximal effort and provided with verbal encouragement (3).
Approximately 2–3 min of rest was allocated between attempts
to minimize fatigue. The same procedures were administered to
test the force-generating capacity of the untrained wrist extensors
for control participants. The value for 1-RM at baseline and preintervention testing sessions was averaged before dividing by the
value at post-intervention testing to calculate percent gain (11, 30).
Because the targeted subpopulation of stroke had severe paresis,
paretic wrist extensor force-generating capacity was evaluated by
measuring active range of motion (AROM) against gravity. AROM
against gravity provides a measure of the ability to activate the
target musculature when it is not strong enough to contract against
resistance (41). Limb positioning for testing was identical to the
abovementioned positioning for training. Initially, the paretic
wrist was rotated through its full range of motion several times
to warm-up the musculature and allow abnormal muscle tone to
be evaluated via the modified Ashworth scale (42). The participant
then performed wrist extensions until (s)he felt adequately prepared to start testing. The resting extension angle was measured
from a fully relaxed position with a standard goniometer aligned
parallel to the radial border of the second metacarpal with the
capitate serving as the axis of rotation. Participants were then
instructed to maximally extend the wrist against gravity. Cues
such as “pull your hand back to your forearm” were provided until
the wrist was maximally extended. The average of three separate
attempts was recorded. Percent gain for AROM was calculated
in the same way as 1-RM. For descriptive purposes, the action
research arm test was also administered at pre-intervention1 to
characterize movement capabilities of the paretic limb (43). This
clinical scale measures the ability to reach, grasp, manipulate, and
release objects. It consists of 19 items, each of which is scored on
a 0–3 point scale, totaling 57 points, with higher scores indicating
better movement capabilities.

digitorum communis (EDC) was recorded from because it is
involved in wrist extension and magnetic stimulation of its cortical
representation has been reported to yield reliable responses (44).
In addition, its distribution along the forearm is relatively narrow,
constraining electrode placement to a more focal region thereby
minimizing the potential for cross-talk in the electromyographic
(EMG) signal, which is desirable given the difficulty of palpating
a highly paretic muscle. A stereotactic neuronavigation system
was used (Brainsight, Rogue Research, QC, Canada) to ensure
the consistency of coil localization (i.e., position and orientation)
across testing sessions. Prior to testing, skin overlying the EDC of
both arms was abraded and cleansed with alcohol. Rectangular
solid foam Ag–AgCl electrodes (7/8″ × 1.5″) with conductive gel
were applied ~2 cm apart. To increase the reliability of electrode
placement across testing sessions, the skin adjacent to the outermost corner of both electrodes was marked. Participants were
encouraged to maintain and reinforce these marks during their
participation. In anticipation of low adherence, photographs of
electrode placement were taken at pre-intervention1. Amplified
EMG signals were sampled at 3 kHz and recorded 100 and 600 ms
pre- and post-stimulus, respectively, for off-line analysis.
The optimal scalp location for targeting the EDC was identified
following behavioral testing at pre-intervention1. Stimulation of
the lesioned hemisphere in stroke participants at the highest stimulator output did not produce motor-evoked potentials (MEPs)
under resting conditions. Each stroke participant, therefore, was
instructed to contract the paretic wrist extensors in an attempt to
facilitate a response. If stimulation of the lesioned hemisphere could
not produce MEPs, two steps were taken: (1) a stroke neurologist
with training in TMS attempted to elicit MEPs independent of the
primary experimenter, and (2) an approximate mirror location
corresponding to the optimal cortical representation of the nonlesioned hemisphere was stimulated and saved for future testing.
Recordings from stimulation at these sites were retained based
on the assumption that if the intervention-induced neurological
adaptations, then stimulating them at the post-intervention testing
session may elicit MEPs (45, 46).
Prior to each testing session, resting motor threshold (RMT)
was determined as the minimum stimulus intensity required to
elicit MEPs of ≥50 μV in the relaxed EDC muscle on 5 of 10
consecutive trials (47). The M1 contralateral to the trained arm
was probed to determine if the intervention altered corticospinal
excitability and intracortical inhibition projecting to the trained
musculature in control and stroke participants, which corresponded to the non-lesioned hemisphere and non-paretic arm of
stroke participants. This was accomplished by measuring peakto-peak MEP amplitudes at specific percentages of RMT and by
quantifying the cortical silent period (CSP), respectively. MEP
amplitude reflects the physiologic integrity of the corticospinal
pathway (31), while the CSP is a measure of corticospinal inhibition (or disinhibition). Inhibitory mechanisms within the spinal
cord are believed to contribute to the initial segment of the CSP
(i.e., up to 50 ms) but the later segment (i.e., up to ~300 ms) is
attributable to inhibition originating within M1 (48, 49), most
likely due to the action of γ-aminobutyric acid (GABA) receptormediated interneuron transmission (50).

Neural Adaptation Testing

Transcranial magnetic stimulation was used to probe neural adaptations resulting from the intervention. Stimuli were delivered
from a Magstim Rapid2 (Magstim Company Ltd., Wales, UK) with
an encased figure-eight-shaped coil (70 cm diameter) oriented
to elicit currents in a posterior–anterior direction. The extensor
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Ten individual stimuli were delivered to the trained/nonlesioned M1 at stimulator intensities corresponding to 90, 110,
130, and 150% of RMT with the targeted muscle at rest. Next,
10 individual stimuli were delivered at 150% of RMT with
background activation of the trained/non-paretic EDC to elicit
the CSP. The same protocol was used to evaluate corticospinal
excitability in the untrained M1 of control participants. Absolute
stimulator outputs were used for the untrained, lesioned M1 of
stroke participants because MEPs could not be elicited at rest,
which is common in individuals with severe paresis (51). The
inability to elicit MEPs at rest, even with maximum stimulator
output, prevented a RMT from being established. Ten stimuli,
therefore, were delivered at 80, 90, and 100% of maximal stimulator output with maximal background activation of the untrained/
paretic EDC.
Interhemispheric inhibition from the trained/non-lesioned
M1 onto the untrained/lesioned M1 was evaluated by measuring the ipsilateral silent period (ISP). Twenty stimuli at 150%
of RMT were delivered against background activation of the
untrained/paretic EDC. Paired-pulse techniques commonly
used to measure interhemispheric inhibition could not be
administered because of the inability to reliably elicit MEPs
from stimulation to the lesioned hemisphere of stroke participants. The ISP is a measure of interhemispheric inhibition
and is thought to be mediated by excitatory projections from
the stimulated M1 to inhibitory interneurons in the opposite
M1 (52, 53). Absence of an ISP in individuals with agenesis of
the corpus callosum (54) and in children before transcallosal
fiber myelination (55) suggests that interhemispheric connections contribute to the ISP. Additional evidence comes from
previous work showing that inhibition is preserved in patients
with subcortical lesions that damage corticospinal fibers but
spare transcallosal fibers (56). The same stimulation site was
used to measure the ISP because there is correspondence in
the cortical territory stimulated to elicit contralateral MEPs
and ISPs (57, 58).
Timing of stimulus delivery (~0.1 Hz) for all conditions was
randomized to prevent anticipation. Participants were trained to
extend the wrist and middle digit to produce a stable, low-level
contraction prior to conditions requiring background activation
with a custom-made strain gage providing digital feedback. EMG
recordings in the pre-stimulus window were inspected to verify
that contraction magnitude and stability were similar across
testing sessions. Due to paretic severity, stroke participants
were instructed to maximally contract the wrist during active
conditions. A brief period of rest (~10 s) occurred between the
delivery of each stimulus to minimize the onset of fatigue and
increased muscle tone.

stimulus delivery has been shown to increase the variability of
EMG signals resulting from single-pulse TMS (59). Furthermore,
large changes in RMT require concomitant changes in the stimulator output needed to measure intracortical and interhemispheric
inhibition, which has a significant influence on silent periods (60,
61). Electrophysiological data, therefore, were analyzed from a
subset of participants in each sample (control: n = 4, stroke: n = 2,
asterisk in Table 1).
Samples with prolonged stimulus artifact were removed
before averaging waveforms at each respective percentage of
RMT. Peak-to-peak MEP amplitudes occurring between 10
and 55 ms post-stimulus were plotted against stimulation
intensity to construct recruitment curves. The slope of the
linear regression line was calculated using these values. For
CSP measurements, individual trials were full-wave rectified
before being averaged together. The mean pre-stimulus EMG
amplitude from −100 to −10 ms (i.e., 10 ms before stimulus
delivery) was calculated and used to set the threshold for silent
period onset and offset. CSP onset was defined as the point at
which the average rectified EMG amplitude remained below
threshold for 5 ms; offset was defined as the point at which the
amplitude returned to and remained above threshold for 5 ms.
CSP duration was defined as the time between stimulus delivery
and silent period offset (51). Samples at each percentage of
stimulator output (i.e., 80, 90, and 100%) for the untrained/
lesioned hemisphere of stroke participants were full-wave
rectified before being averaged together. Area of the averaged
waveform between 15 and 55 ms post-stimulus was calculated
at each stimulator output. This area was normalized to the area
of the pre-stimulus window.
For measurement of the ISP, individual trials were full-wave
rectified before being averaged. Criteria for onset and offset were
identical to those used for the CSP with the exception of the
minimal latency (≥10 ms post-stimulus). The extent to which
the signal amplitude was suppressed during the silent period
TABLE 1 | Demographic characteristics for stroke and control
participants.

Data Processing

Custom software was written in MATLAB (Mathworks, Inc.,
R2012a, Natick, MA, USA) to quantify electrophysiological
parameters. Some participants in both samples were unable to
maintain alertness and/or remain motionless during procedures
involving TMS. Other participants exhibited large fluctuations
in RMTs between the two pre-intervention test sessions. The
inability to maintain stable arousal and remain still during
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Group

Age

Gender

Dominant
side

Trained
side

Race

Control
C1*
C2*
C3

31
43
59

Female
Female
Female

Right
Left
Right

Left
Right
Left

C4*
C5*
C6
C7

57
44
50
66

Male
Female
Male
Female

Right
Right
Right
Right

Left
Right
Right
Left

Caucasian
Caucasian
AfricanAmerican
Caucasian
Caucasian
Caucasian
Caucasian

Stroke
S1
S2

78
59

Male
Male

Right
Right

Left
Right

S3

46

Male

Right

Right

S4
S5*
S6*

59
38
48

Male
Female
Female

Left
Right
Right

Left
Left
Left

Caucasian
AfricanAmerican
AfricanAmerican
Caucasian
Caucasian
Caucasian

*Participants tested for neural adaptations via TMS.
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was quantified by expressing the area between onset and offset
as a percentage of an area of equal duration in the pre-stimulus
window. The mean area of the pre-stimulus window (i.e., 90 ms)
across all 20 trials used to measure the ISP was quantified to
evaluate changes in muscle activation of stroke participants’
paretic wrist extensors.

and pinch scores were poorer than grasp and gross movement
scores.

Training Load and Strength Gains of Trained/
Non-Paretic Wrist Extensors

Training load (i.e., repetitions multiplied by percentage of 1-RM
trained at for each session, summed across sessions) was not different between stroke and control participants (stroke = 517 ± 75,
control = 588 ± 68, t11 = 1.8, p = 0.1), indicating that both groups
were able to perform at a similar workload over the 16 training sessions. There was a significant effect of time (F2,10 = 58.73, p < 0.001,
η2 = 0.92) and group (F1,11 = 7.36, p = 0.02, η2 = 0.40) on trained
wrist extensor 1-RM but no interaction (F2,22 = 1.23, p = 0.31,
η2 = 0.10, Figure 2A). Post hoc tests revealed that 1-RM was greater
post-intervention than at both pre-intervention1 (p < 0.01) and
pre-intervention2 (p < 0.01). Percent gain in 1-RM of the trained
wrist extensors was not significantly different between groups
(stroke = 29 ± 11%, control = 38 ± 13.4%, p = 0.2), indicating that
the intervention evoked similar changes in strength of the trained
musculature. There was a significant association between training
load and percent gain in the trained wrist extensors (r = 0.73, data
pooled across groups, p < 0.01, Figure 2B).

Statistical Analysis

Shapiro–Wilk’s test and Mauchly’s test of sphericity indicated
that data were normally distributed and variances were
homogenous. Independent samples t-test were used to test for
differences between groups in training load and percent gain in
the trained and untrained wrist extensors. Repeated-measures
analyses of variance (ANOVAs) were performed to determine
the effect of time (pre-intervention1, pre-intervention2, postintervention) and group (stroke, control) on 1-RM of the trained
wrist extensors. Separate repeated-measures ANOVAs were
used to determine the effect of time on 1-RM and AROM of
the untrained wrist extensors for control and stroke groups,
respectively. Pearson correlations were used to examine the
relationship between training load and percent gain in the
trained and untrained wrist extensors for both groups. All
statistical procedures were performed using SPSS version 21
(IBM Statistics), and α level was set at 0.05 a priori. Since only a
subset of stroke and control participants had viable electrophysiological data, these data were not subjected to formal statistical
analysis.

Training Load and Strength Gains of Untrained/
Paretic Wrist Extensors

A significant effect of time was observed for the 1-RM of
untrained wrist extensors in the control group (F2,5 = 28.02,
p < 0.01, η2 = 0.92, Figure 3A) where values were higher
post-intervention compared to both pre-intervention1 and preintervention2 (p < 0.01). A significant effect of time was also
present for AROM of the untrained, paretic wrist extensors in
the stroke group (F2,4 = 15.63, p < 0.01, η2 = 0.89, Figure 3B),
where AROM values were higher post-intervention relative to
pre-intervention1 (p = 0.02) and pre-intervention2 (p < 0.01).
Although there was no relationship between training load
and percent gain of the untrained wrist extensors for controls
(r = −0.10, p = 0.83, Figure 4A), there was an association between
training load and percent gain of the paretic, untrained wrist
extensors for the stroke group (r = 0.82, p = 0.05, Figure 4B).
The association between percent gain of the untrained and trained
wrist extensors was trending in the control group (r = 0.73,
p = 0.07, Figure 4C) and was significant in the stroke group

Results
Seven neurologically intact adults (five female; 50 ± 11.8 years
of age) and six stroke survivors (two female; 54.7 ± 14.0 years of
age) participated in the study. Demographics for both samples
are shown in Table 1, and clinical characteristics of stroke
participants are presented in Table 2. Stroke participants were
between 4 months and ~2 years post stroke at the time they
enrolled in the study with half affected on their dominant side.
At pre-intervention1, four participants had a slight increase
in wrist extensor muscle tone, and two participants had more
pronounced muscle tone. All participants exhibited moderateto-severe deficits in movement capabilities of the paretic limb, as
reflected by total action research arm test score. Generally, grip

TABLE 2 | Clinical characteristics of stroke participants at pre-intervention1 testing.

S1
S2
S3
S4
S5
S6

Dominant
side affected

Months post
stroke

Stroke type

Yes
No
No
No
Yes
Yes

20
13
7
7
4
4

Ischemic
Hemorrhagic
Ischemic
Ischemic
Ischemic
Ischemic
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Stroke location

Right MCA territory
Left frontal
Left medullary
Right MCA territory
Subcortical white matter
Right MCA territory

6

Modified
ashworth
1+
2
1+
3
1
1

Action research arm test
Grasp

Grip

Pinch

Gross

Total

1
10
5
0
4
0

0
4
0
0
2
0

0
2
0
0
0
0

3
4
3
3
4
3

4
20
8
3
10
3
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FIGURE 2 | (A) 1-RM of the non-paretic/trained wrist extensors by testing
session for control and stroke groups: *Significant difference (p < 0.05)
relative to pre-intervention1 and pre-intervention2; †significant difference
(p < 0.05) between groups. (B) Scatterplots of training load and percent gain
in the non-paretic/trained wrist extensors of stroke and control groups
(r = 0.73, data pooled across groups, p < 0.05). Filled and unfilled symbols
correspond to control and stroke participants, respectively. Unique symbols
shown in the legend represent participants in either group that underwent
TMS testing.

FIGURE 3 | (A) 1-RM of the untrained wrist extensors by testing session for
the control group; (B) AROM of the paretic, untrained wrist extensors by
testing session for the stroke group: *Significant difference (p < 0.05) relative
to pre-intervention1 and pre-intervention2.

in both participants at various testing sessions, which also
made any suppression difficult to detect (Figures 6A–F).
At post-intervention testing, however, there was noticeable
suppression in the waveform at latencies similar to previous
work involving individuals with more severe paresis following
stroke (51). Nevertheless, the suppression was not sufficiently
pronounced to quantify a silent period according to the
pre-determined criteria. The area of pre-stimulus EMG was
also greater at post-intervention testing (S5 = 4128 μV⋅ms;
S6 = 2471 μV⋅ms) relative to both pre-intervention testing
sessions (S5 = 2751 μV⋅ms; S6 = 1355 μV⋅ms) (Figures 6A–F).
Similar to the trained M1, there were no consistent trends
observed in the untrained M1 recruitment curve or CSP duration
for control participants (Figure 7). Although MEPs could be
obtained from the paretic EDC for stroke participant S5, changes
in recruitment curve slope in the untrained/lesioned M1 were
not evident from pre-intervention testing (pre-intervention1:
0.05%, pre-intervention2: 0.01%) to post-intervention testing

(r = 0.88, p = 0.02, Figure 4D). Total ARAT score showed a
small but significant change from pre- to post-intervention:
[x–pre = 7.8 ± 7.1, –
x post = 10.2 ± 8.7, t(5) = −2.72, p = 0.04].

Neural Adaptations

Recruitment curve slopes and CSP durations in the trained
M1 were similar for control and stroke participants
(Figures 5A,B). No consistent changes were observed in the
trained M1 recruitment curve slope or CSP for either group.
Across control participants, there was no consistent trend in
interhemispheric inhibition from the trained M1 onto the
untrained M1 across control participants (Figure 5C). There
was no discernible ISP in either stroke participant at preintervention1 and pre-intervention2 testing sessions, which
may have been attributable to an inability to activate the
target muscle sufficiently. Ipsilateral MEPs were also observed
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(D) non-paretic/trained percent gain and paretic/untrained percent
gain for stroke participants (r = 0.88, p = 0.02). Filled and unfilled symbols
correspond to control and stroke participants, respectively. Unique symbols
shown in the legend represent participants in either group that underwent
TMS testing.

FIGURE 4 | Scatterplots of (A) training load and 1-RM of untrained
wrist extensors for the control group (r = −0.10, p = 0.83), (B) training
load and percent gain in AROM of paretic/untrained wrist extensors
for stroke participants (r = 0.82, p = 0.05), (C) trained percent gain and
untrained percent gain for control participants (r = 0.73, p = 0.07), and

TMS testing, there was also evidence of neurophysiological
changes targeting the paretic, untrained musculature in stroke
participants.
Gains in the 1-RM of both control and stroke groups’ wrist
extensors are similar to previous work that trained the dynamic
contraction strength of elbow flexors (25). It might be expected
that individuals with neurological deficits cannot engage in
training to the same extent as neurologically intact individuals of
similar age, even when the training involves the non-paretic limb.
Results of the current study suggest otherwise. In fact, there was
no difference in training load or percent gain in the trained wrist
extensors between stroke and control groups. Although sex was
not controlled for between groups, dynamic contraction strength
was actually greater in the stroke group at all testing sessions. There
was a strong relationship between training load and the relative
strength gain in the trained musculature as well. As mentioned
previously, some participants in both groups could not achieve
the minimum volume at the prescribed intensity (i.e., 80% 1-RM)
during initial sessions, but all participants trained well above this
minimum intensity by the final training session. Despite the lack
of a relationship between training load and the strength gain in the

(0.01%). The same trend was observed even when a subset of
samples was evaluated to more precisely match background
muscle activity across sessions. MEPs could not be elicited via
stimulation of the lesioned M1 for stroke participant S6 during
the pre-intervention1 and pre-intervention2 testing sessions,
even at maximum stimulator output. Following the intervention,
however, MEPs could be readily evoked at a minimum of 80%
maximum stimulator output with background muscle activation
(Figures 8A–C).

Discussion
This study examined the effects of high intensity, unilateral
resistance training of a non-paretic muscle group on the
force-generating capacity of a severely paretic muscle group.
Potential neural adaptations underlying an intermanual effect
were also explored in a subset of participants. Findings provide evidence that training moderated paresis and enhanced
AROM in stroke participants. As anticipated, strength gains
were observed in the untrained musculature of control participants. Although only a subset of participants underwent
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strength. Nevertheless, there was a strong relationship between
percent gains in AROM of the untrained wrist extensors and 1-RM
of the trained wrist extensors. To date, only one study has examined
the cross education phenomenon in stroke survivors and found
that 6 weeks of maximal isometric resistance training increased
torque production (31%) and activation (20%) of the untrained,
paretic ankle dorsiflexors (11). Results of the current study taken
together with those of this previous study suggest that unilateral
resistance training enhances force-generating capacity irrespective
of contraction type (i.e., dynamic or isometric) or muscle group
(i.e., upper or lower extremity).
The primary clinical implication of these findings is that when
motor retraining of the affected limb is compromised due to paretic
severity, high-intensity resistance training of the non-paretic
musculature may be an alternative strategy. Relative to current
methods used to manage these cases in clinical practice (e.g., electrical stimulation, passive stretch, etc.), this strategy may deliver a
more optimal stimulus to restore movement production. To this
end, it might be argued that maximal contractions of the paretic
musculature could bring about similar changes in strength. Future
research should investigate whether the intervention examined
here produces effects that are different from the abovementioned
methods currently used in clinical practice and/or maximal
contractions of a paretic muscle group.
Consistent with the observed strength gains, the two stroke
participants tested for neural adaptations exhibited greater voluntary muscle activation in the untrained, paretic wrist extensors
after training. In one stroke participant, MEPs from the untrained/
lesioned M1 could not be obtained prior to the intervention but
were readily elicited thereafter, suggesting that the intervention
enhanced corticospinal excitability. Because of the considerable
physiological complexity between the site of stimulation at the level
of M1 and recording at the muscle, coupled with the potential for
adaptations to occur at one or multiple levels of the neuraxis, the
observed change cannot be attributed exclusively to adaptation
at the cortical level. Enhanced voluntary muscle activation of the
other stroke participant in absence of changes in corticospinal
excitability also implies that adaptations are not constrained to
corticomotor regions. Changes at the level of the spinal cord
and brainstem were not evaluated. Since neurological damage
in participant S6 was above these levels (Table 2), it can be concluded that net excitation of the corticospinal pathway, inclusive
of all inhibitory and excitatory inputs, was increased resulting in
enhanced communication between corticomotor and spinal motor
neurons. Acknowledging that only a subset of participants in the
small sample of participants was tested, additional work on the
precise mechanisms involved is warranted.
Contrary to previous work (28), there were no changes in
interhemispheric inhibition in the subset of control participants
tested. In addition, there were no changes in intracortical inhibition (24, 26) or corticospinal excitability (24, 25). Differences in
testing and training protocols as well as the muscle group trained
may account for this inconsistency. The most recent of these studies
(28), for instance, trained an intrinsic hand muscle (i.e., first dorsal
interosseous) with isometric contractions; whereas, an extrinsic
hand muscle was trained with dynamic contractions in the current

FIGURE 5 | (A) Recruitment curve slope (microvolt) and (B) CSP
(milliseconds) from the trained/non-lesioned M1 by testing session for each
participant. (C) Ipsilateral silent period (% inhibition) from the trained M1 onto
the untrained M1 by testing session for control participants.

untrained wrist extensors of the control group, there was a strong
relationship in the stroke group. Overall, these findings suggest
that stroke participants tolerated the training well. Thus, it may
be possible to increase training volume within individual sessions
beyond the level prescribed in this study, potentially enhancing
the resulting strength gain in the paretic, untrained musculature.
In the control group, the relative strength gain in the untrained
musculature was approximately half of the gain in the trained
musculature, which is consistent with previous work (25, 26, 28).
A direct comparison of the relative gain in the stroke group is
not possible because AROM was used as a surrogate measure of
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FIGURE 6 | Recordings for ISP and maximal background muscle
activation at each testing session for stroke participant S5:
[(A) pre-intervention1, (B) pre-intervention2, (C) post-intervention] and
participant S6: [(D) pre-intervention1, (E) pre-intervention2,

(F) post-intervention]. Arrows point to suppression in the EMG signal that
was not present before the intervention. Boxes contain pre-stimulus maximal
muscle activation at each testing session, which increased for both stroke
participants following the intervention (0 ms corresponds to stimulus delivery).

study. In addition, the previous study used a paired-pulse paradigm
to evaluate interhemispheric inhibition, while the ISP was used
here. Another difference in testing was the timing of the probe
relative to the intervention. Interhemispheric inhibition was evaluated immediately following training in the previous study but was
examined several days after the final training session in the current
study. Whether the resulting neural adaptations outlast training on
a short-term (e.g., minutes/hours) or long-term basis (e.g., days)
is another consideration for future research to explore. It is worth
noting that several studies have examined neural adaptations in
response to resistance training, irrespective of the cross education
phenomenon, and findings are also quite mixed (4). The current
study, however, is limited by the small number of participants in
which neural adaptations were explored, so further work is needed.
In stroke participants, ISPs were absent prior to the intervention but suppression in the EMG was more apparent after. One
possible explanation may be that the training enhanced accessibility of the circuits mediating the ISP. Alternatively, enhanced
muscle activation resulting from the intervention made the
suppression more visually discernable. There is limited research
available on interhemispheric inhibition post stroke as measured
by the ISP. A recent study examined longitudinal changes and
found it to be associated with more severe impairment at the onset
of rehabilitation but not at later time points (62). Another recent
study found short-term reductions in the ISP following repetitive
reaching movements (51). In addition, several different definitions have been used to establish criteria for calculating the ISP,
each of which have been reported to result in different latencies,
durations, and amplitudes (63), complicating a straightforward

FIGURE 7 | (A) Recruitment curve slope (microvolt) and (B) CSP
(milliseconds) from the untrained M1 by testing session for control
participants.
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There are three important limitations of this study that should
be taken into consideration. First, despite being able to detect
the hypothesized effect, sample sizes for both groups were small.
Likewise, only a subset of participants from each sample had
viable data from TMS testing, which limited an understanding
of potential neural adaptations. Thus, the findings reported
here are exploratory in nature. Second, the TMS protocol was
limited to single-pulse measures. These measures were selected
on the basis of feasibility in a subset of the patient population
where cortical physiology is particularly challenging to study
(51). Nevertheless, it is possible that corticospinal adaptations
may have been detected if different stimulation parameters and/
or techniques had been used. Although cervicomedullary or
peripheral nerve stimulation techniques were not used, recent
work suggests that the neural mechanisms underlying the cross
education phenomenon do not reside at subcortical (64) or
spinal (65) levels in neurologically intact adults. This does not
preclude that possibility that such mechanisms may be involved
in individuals with severe neurological deficits. Another limitation of the current study was the indirect measure used to
evaluate force production in stroke participants with severely
compromised force-generating capacity. AROM was used as a
surrogate measure because it could be quantified across time
points and, therefore, capture the magnitude of change. Paresis
was generally less severe in the sample of the previous study
that examined cross education in stroke (11). Four participants
in that study, however, could not dorsiflex the ankle to produce
a torque prior to training but were able to do so after. Thus, a
direct measure of joint kinetics could have supplemented the
interpretation of gains from pre- to post-intervention.

Conclusion
Findings of the current study indicate that high-intensity,
unilateral resistance training of a non-paretic muscle group
can enhance movement production in a homologous muscle
group that is severely impaired. Neurological adaptations that
underlie these changes need to be further explored. These
findings are clinically relevant, particularly in cases where
paretic severity precludes an individual from participating in
evidence-based motor retraining programs following stroke.
Based on the results reported here, future work is needed to
identify the optimal timing and dose of this type of training
following stroke. The effects of training different contraction
types and muscle group combinations should also be examined.
It is also possible that this type of training can be delivered
in combination with other adjuvant therapies, such as noninvasive brain stimulation, to further increase force-generating
capacity and movement production in individuals with severe
post-stroke hemiparesis (66).

FIGURE 8 | Representative recordings when stimulating the same
cortical territory of the untrained/lesioned M1 for stroke participant S6
at each testing session: (A) pre-intervention1, (B) pre-intervention2,
and (C) post-intervention. MEPs could be elicited between 80 and 100%
of maximal stimulator output following the intervention (0 ms corresponds to
stimulus delivery).
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comparison of results between studies. Thus, it is unclear what
type of long-term changes may result from resistance training in
persons with stroke.
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